Background
==========

In several inflammatory disorders, local delivery of therapeutic molecules is often preferred to systemic treatments. Therefore, the design and development of novel drug delivery systems able to reach specific tissues and organs is crucial to obtain high selectivity and efficacy with limited side effects. Drug delivery by gene therapy may represent a valid strategy for the treatment of immune-based inflammatory diseases, such as rheumatoid arthritis, multiple sclerosis, allergic asthma, diabetes, and inflammatory bowel disease (IBD) \[[@B1]\]. Patients suffering from IBD (*e.g.*, Crohn\'s disease and ulcerative colitis) are currently treated with corticosteroid drugs, immunosuppressants, and antibiotics. Novel therapeutic approaches, including local inhibition of pro-inflammatory cytokines (*e.g.*, TNF-α and IL-1β) and prebiotic/probiotic modulation of the enteric flora, are also under investigation \[[@B2]-[@B4]\].

The IL-1 family of cytokines includes two agonist proteins, IL-1α and IL-1β, and one antagonist protein, IL-1ra. IL-1β (and in certain cases also IL-1α) is a very potent immunostimulatory and inflammatory cytokine, responsible for initiating and amplifying the host response to invasion. However, if not properly controlled, IL-1 can cause fever, acute inflammation, tissue destruction, organ failure, and eventually shock and death (reviewed in \[[@B5]\]). IL-1ra is capable of inhibiting IL-1 both *in vitro*and *in vivo*, thus representing a natural powerful mechanism to control IL-1-dependent responses and avoid pathological derangements (reviewed in \[[@B6]-[@B8]\]). IL-1ra functions as a competitive receptor antagonist with no detectable agonist activity. In experimental animal models, IL-1ra has demonstrated excellent therapeutic potential against acute and chronic inflammatory pathologies \[[@B6]-[@B9]\], also being effective in prolonging survival during endotoxic shock \[[@B8],[@B10]-[@B12]\]. Gene therapy with adenoviral vectors carrying the IL-1ra gene also yielded promising results in experimental models of type 1 diabetes and ischemic brain damage \[[@B13],[@B14]\]. In human clinical trials, IL-1ra has been administered to patients with septic shock, rheumatoid arthritis, graft-*versus*-host disease, and multiple sclerosis (reviewed in \[[@B8]\]). While only a modest benefit was achieved in patients with septic shock \[[@B8],[@B15]\], IL-1ra clearly reduced progression of joint destruction due to rheumatoid arthritis \[[@B8],[@B16]-[@B18]\]. In IBD, progression and chronicisation of the disease appears to be linked to an imbalance between pro-inflammatory and anti-inflammatory cytokines \[[@B19],[@B20]\]. In particular, the mucosal imbalance between inflammatory IL-1β and anti-inflammatory IL-1ra apparently plays a critical role \[[@B19],[@B21]-[@B23]\], and the presence of the allele 2 of the IL-1ra gene is associated with increased incidence and severity of the disease \[[@B24]-[@B26]\]. So far, pre-clinical studies have demonstrated beneficial effects of anti-cytokine approaches, including IL-1ra, in experimental models of colitis in rats and rabbits (reviewed in \[[@B8],[@B19]\]).

*Streptococcus gordonii*is a human oral commensal that has been proposed as a delivery vehicle for vaccine antigens and microbicides \[[@B27]-[@B30]\]. Using the M6 protein of *Streptococcus pyogenes*as a fusion partner, a host-vector system was developed in *S. gordonii*allowing either expression at the cell surface \[[@B31]\], or secretion of heterologous proteins into the culture medium \[[@B32]\]. Due to its capability of colonising certain host mucosae (reviewed in \[[@B27]\]), *S. gordonii*represents a promising candidate for delivering vaccine antigens, recombinant antibodies, and therapeutic drugs to mucosal surfaces.

In the present study, an *S. gordonii*strain producing and delivering human IL-1ra to target mucosal sites was constructed. The results obtained show that the recombinant IL-1ra secreted by *S. gordonii*is biologically active *in vitro*and, when administered *in vivo*in the gastrointestinal mucosa, alleviated the symptoms of IBD in an experimental animal model.

Results
=======

Production of human IL-1ra by *S. gordonii*
-------------------------------------------

By using the streptococcal M6 protein as the fusion partner \[[@B31]\], an *S. gordonii*strain secreting human IL-1ra into the culture medium was constructed and denominated GP1300. The presence of the *emm*6 signal sequence at the N-terminus and of two stop codons at the C-terminus of the fusion allowed translocation and secretion of the protein, respectively. After cleavage of the M6 leader peptide (42 amino acids), the recombinant IL-1ra consisted in the first four amino acid residues of M6 (RVFP) followed by 152 amino acids of the mature human IL-1ra. The resulting fusion protein (156 amino acids) was thus denominated RVFP/IL-1ra (Figure [1A](#F1){ref-type="fig"}). Production of RVFP/IL-1ra by GP1300 was assessed by Western blot analysis of trichloroacetic acid (TCA)-precipitated proteins released into the culture medium using IL-1ra-specific polyclonal antibodies. A protein band of approximately 19 kDa (the expected molecular mass of the fusion protein is 17.2 kDa) was detected in the GP1300 sample, while no reactivity was observed in the control sample (Figure [1B](#F1){ref-type="fig"}). The amount of recombinant IL-1ra secreted by *S. gordonii*was 0.1 mg per litre, as estimated by ELISA. These results indicate that *S. gordonii*is a suitable system to produce recombinant human IL-1ra.

![**Structure and production of RVFP/IL-1ra by *S. gordonii*.A.**Structure of RVFP/IL-1ra produced by *S. gordonii*. By using the streptococcal M6 protein as the fusion partner, a recombinant protein composed of the M6 signal peptide (42 amino acids; hatched), the first four amino acids of M6 (RVFP; black), and the mature human IL-1ra (152 amino acids; white) was produced. After cleavage of the M6 leader peptide, RVFP/IL-1ra (156 amino acids) is secreted into the culture medium. A schematic representation of the different parts of the fusion protein is shown in the upper part of the figure. **B.**Immunoblot analysis of total proteins present in the culture supernatant of *S. gordonii*. Culture supernatants of the control GP204 strain (lane 1) and of the RVFP/IL-1ra-producing GP1300 strain (lane 2) were precipitated with TCA, separated by 15% SDS-PAGE, and reacted with a polyclonal antibody to human IL-1ra. Positions of molecular mass standards are indicated to the left.](1472-6750-3-15-1){#F1}

IL-1ra secreted by *S. gordonii*is biologically active
------------------------------------------------------

In order to verify that RVFP/IL-1ra produced by the GP1300 strain retains IL-1ra-like biological activity, its ability to inhibit IL-1-mediated proliferation of murine thymocytes was assessed. As a control, a reference standard of wild type human IL-1ra expressed in *Escherichia coli*was used. IL-1β-induced proliferation could be inhibited in a dose-dependent fashion by both wild type IL-1ra and the culture medium of *S. gordonii*GP1300 (Figure [2A](#F2){ref-type="fig"}). Specific inhibitory activities of the GP1300 culture medium (containing 0.1 mg/litre of RVFP/IL-1ra) and of wild type IL-1ra were 1.25 × 10^6^Antagonist Units (AU) per mg and 1.0 × 10^6^AU/mg, respectively. Culture supernatant of the control *S. gordonii*GP204 strain did not contain measurable levels of IL-1 inhibitory activity (data not shown). In order to verify that the presence of the RVFP residues did not affect the biological activity of IL-1ra produced by *S. gordonii*, RVFP/IL-1ra was also expressed in *E. coli*, purified, and assayed for IL-1 inhibitory activity as described above. Also in this case, the dose-dependent inhibition of IL-1β-induced thymocyte proliferation by RVFP/IL-1ra was fully comparable to that of the reference standard wild type IL-1ra, with a specific inhibitory activity of approximately 1.25 × 10^6^AU/mg in both cases (Figure [2B](#F2){ref-type="fig"}). These results show that RVFP/IL-1ra is capable of inhibiting IL-1 to an extent fully comparable to that of wild type IL-1ra, indicating that the presence of RVFP at the N-terminal does not affect the biological activity of IL-1ra produced by *S. gordonii.*

![**Inhibition of IL-1-mediated thymocyte proliferation.A.**Thymocyte proliferation induced by 0.3 ng/ml of IL-1β (β; grey bar) could be inhibited in a dose-dependent fashion by a standard preparation of wild type human IL-1ra expressed in *E. coli*(open triangles). The IL-1 inhibitory activity of the wild type IL-1ra reference standard was compared to that of the culture supernatant of recombinant *S. gordonii*GP1300 (solid triangles), which contained 0.1 mg/litre RVFP/IL-1ra (as assessed by ELISA). **B.**Thymocyte proliferation to 0.3 ng/ml IL-1β (β; grey bar) was inhibited in a dose-dependent fashion by both the wild type IL-1ra reference standard (open triangles) and the recombinant RVFP/IL-1ra expressed in *E. coli*(solid squares). Results are the mean ± SEM of 3--9 replicate determinations within single experiments, representative of five performed. SEM lower than 10 % are not shown. Background thymocyte proliferation in culture medium without IL-1β (m, open bar) is also reported.](1472-6750-3-15-2){#F2}

IL-1ra is produced *in vivo*by recombinant *S. gordonii*
--------------------------------------------------------

One of the potential uses of IL-1ra-producing *S. gordonii*is the local delivery of the anti-inflammatory molecule to a specific mucosal site. Therefore, the ability of *S. gordonii*to stably release IL-1ra at the mucosal level was tested. In order to improve recovery of bacteria from mucosal sites, a double-antibiotic-resistant strain was constructed by transforming *S. gordonii*GP1300 with the chromosomal DNA of *S. gordonii*GP204 \[[@B33]\], that carries a point mutation conferring resistance to streptomycin. The new erythromycin- and streptomycin-resistant strain was denominated GP1294. *S. gordonii*GP1294 was inoculated intravaginally into mice, and the presence of recombinant bacteria was evaluated in vaginal samples collected from mice once per week. *In vivo*production of IL-1ra by *S. gordonii*was assessed by both immunoblotting on erythromycin- and streptomycin-resistant bacterial colonies and immunofluorescence directly carried out on vaginal smears using anti-IL-1ra specific antibodies. In accordance with published data \[[@B34]\], it was possible to isolate recombinant bacteria producing RVFP/IL-1ra from vaginal samples for eight consecutive weeks (data not shown). In addition, to verify that *S. gordonii*was also capable of releasing IL-1ra *in vivo*in the gastrointestinal tract (GI), mice were inoculated via the intragastric route with the GP1294 strain. In this case, IL-1ra production was tested by ELISA on different parts of the GI tract of mice sacrificed 3, 11, and 28 days after bacterial administration. IL-1ra was detected in GI samples up to day 11 from the last inoculum with the highest amounts of antagonist found in the stomach and caecum (Table [1](#T1){ref-type="table"}). It was not possible to detect IL-1ra in the GI tract of mice sacrificed four weeks after inoculum (Table [1](#T1){ref-type="table"}). These data confirm that *S. gordonii*may represent a reliable system to deliver a drug molecule, such as IL-1ra, to target mucosal sites.

###### 

IL-1ra in the gastro-intestinal tract of mice inoculated intragastrically with recombinant *S. gordonii*GP1294.

                    IL-1ra (OD~450~) at different time points after bacterial inoculum^a^           
  ----------------- ----------------------------------------------------------------------- ------- -------
  Stomach           0.478                                                                   0.244   0.000
  Small intestine   0.061                                                                   0.062   0.000
  Caecum            0.051                                                                   0.029   0.000
  Colon             0.028                                                                   0.055   0.000
  Caecum content    0.026                                                                   0.283   0.000
  Faeces            0.036                                                                   0.025   0.000

**^a^**The presence of IL-1ra was determined by ELISA and expressed as net OD readings at 450 nm. As reference, standard IL-1ra readings were the following: 50 pg/ml, 0.018; 100 pg/ml, 0.030; 500 pg/ml, 0.236; 1000 pg/ml, 0.575. **^b^**IL-2^-/-^mice inoculated with the IL-1ra-expressing *S. gordonii*GP1294 strain were sacrificed 3, 11, and 28 days after the last inoculum. Different parts of the GI tract were removed, homogenised, and subjected to ELISA. Culture supernatants of strains GP1294 and GP204 were used as positive and negative controls, respectively.

IL-1ra-producing *S. gordonii*has beneficial effects in murine IBD
------------------------------------------------------------------

Mice deficient in the interleukin-2 gene (IL-2^-/-^) spontaneously develop a progressive IBD similar to human ulcerative colitis between 4 to 15 weeks of age \[[@B35],[@B36]\]. The disease is associated with increased levels of IL-1 \[[@B37],[@B38]\], and treatment with systemic IL-1ra diminishes colitis severity \[[@B37]\]. As we showed that *S. gordonii*GP1294 was able to release IL-1ra in the GI tract of mice (Table [1](#T1){ref-type="table"}), it was thus examined whether production of IL-1ra by *S. gordonii*in the GI tract of IL-2^-/-^mice could be effective in decreasing the IBD-like pathology. Starting at 4 weeks of age, animals were treated for 7 consecutive weeks with either *S. gordonii*GP1294 or the GP204 control strain. As a measure of disease progression, body weight was recorded up to the 15^th^week of age. A significant weight gain was observed in the first week of treatment (week 4 to 5) in the animal group inoculated with the GP1294 strain (Figure [3](#F3){ref-type="fig"}). A more consistent weight increase was achieved from week 8 to week 10.5 in mice treated with *S. gordonii*GP1294, with statistically significant differences compared to animals inoculated with the control strain (Figure [3](#F3){ref-type="fig"}). After treatment interruption at week 10, differences in body weight between the two animal groups could no longer be detected. These results suggest that recombinant *S. gordonii*, that is able to release bioactive IL-1ra in the GI tract, can improve the symptoms of ulcerative colitis. It may be hypothesized that such improvement is due to the inhibition of IL-1-dependent inflammation by IL-1ra, although further investigation is needed to confirm this hypothesis.

![**Body weight of IBD-affected IL-2-deficient mice treated with RVFP/IL-1ra producing *S. gordonii*.**Two groups of six IL-2^-/-^mice were inoculated intragastrically with 1 × 10^10^CFU of either *S. gordonii*strain GP1294 (RVFP/IL-1; solid triangles) or GP204 (control; open triangles). One untreated mouse (open circles) served as a control of disease progression. Starting at 4 weeks of age, bacteria were administered (indicated by arrows) to mice twice per week for a total of 7 consecutive weeks. Body weight (in grams) of individual mice was recorded twice per week up to 15 weeks of age, and expressed as mean ± SD. Statistically significant (*t*test) differences between mice treated with *S. gordonii*GP1294 and those receiving GP204 are represented by asterisks (\*, P \< 0.05; \*\*, P \< 0.01).](1472-6750-3-15-3){#F3}

Discussion
==========

IL-1 is a potent immunostimulating and inflammatory cytokine playing a major role in the onset and development of the defence response. IL-1 activity can be detrimental if not properly controlled, resulting in the development and chronicisation of several immune and inflammatory pathologies. Inhibition of IL-1 can be accomplished by several means, including the use of neutralising antibodies, soluble receptors, inhibitors of IL-1-activating enzymes, and most of all the receptor antagonist IL-1ra \[[@B5]\]. IL-1ra has been used in pre-clinical studies of autoimmune and immune-mediated diseases, septic shock, localised inflammatory diseases, neurodegenerative conditions, metabolic dysfunctions, and cancer (reviewed in \[[@B8]\]). Encouraging results were obtained in both osteoarthritis animal models and rheumatoid arthritis patients either by local/systemic administration of IL-1ra \[[@B8],[@B18],[@B39]\], or by gene therapy using *ex vivo*transfer of IL-1ra-transfected synovial fibroblasts directly into the joints \[[@B8],[@B16]-[@B18],[@B40]-[@B43]\]. Delivery of anti-inflammatory drugs to mucosal surfaces may also be crucial in patients suffering from localised inflammatory conditions, such as gingival inflammation, periodontal disease, sinusitis, allergic rhinitis, vaginal infections, otitis, conjunctivitis, Sjögren syndrome and IBD. However, gene therapy is sometimes not feasible for mucosal drug delivery, because of the intrinsic problems of the approach (that implies genetic manipulation of human cells and their re-introduction into the body) and of those related to the choice of the appropriate target cells.

In this work, a strategy for mucosal drug delivery is proposed, consisting in the *in situ*synthesis and release of the recombinant protein IL-1ra by a genetically engineered *S. gordonii*strain. Mucosal delivery of therapeutics by recombinant bacteria has been successfully attempted for the first time by Steidler *et al.*\[[@B44],[@B45]\] and more recently also by other groups \[[@B29],[@B46],[@B47]\]. However, the use of anti-inflammatory IL-1ra is novel in the field. *S. gordonii*has already been described as a delivery vehicle for vaccine antigens and microbicides \[[@B27]-[@B30]\]. By using the previously developed host-vector system \[[@B31]\], the coding sequence of the mature human IL-1ra was cloned in-frame into the *emm*6 gene, encoding the M6 protein of *S. pyogenes*. After cleavage of the M6 leader peptide, the resulting mature fusion protein includes the RVFP residues of the M6 protein and the 152 amino acids of human IL-1ra. Production of recombinant RVFP/IL-1ra was confirmed by Western blotting of proteins secreted into the culture supernatant. In accordance with previous data \[[@B32]\], the presence of four amino acids of M6 was sufficient to ensure a correct translocation and release of the fusion protein into the medium to a concentration of approximately 0.1 mg per litre. Although the quantity of recombinant human IL-1ra produced by *S. gordonii*is not as large as that reported in other studies \[[@B48],[@B49]\], high productivity is not a major issue here, since this work aims at developing a mucosal drug delivery system rather than a system for large-scale production of drugs. Indeed, a continuous and prolonged (8 weeks) production of IL-1ra was detected at the level of the vaginal mucosa of mice following topical delivery of a single inoculum of IL-1ra-secreting *S. gordonii*. In addition, *S. gordonii*was also shown to release recombinant RVFP/IL-1ra *in vivo*in the GI tract of mice for at least 11 days after bacterial administration. Therefore, this approach appears suitable for achieving the *in vivo*release of RVFP/IL-1ra at mucosal surfaces.

The RVFP/IL-1ra produced by *S. gordonii*is biologically active. Both RVFP/IL-1ra-containing *S. gordonii*supernatant and purified RVFP/IL-1ra were able to inhibit IL-1-induced thymocyte proliferation in a dose-dependent manner, with an antagonist activity fully comparable to that of wild type IL-1ra. Thus, addition of four extra amino acids at the N-terminal of IL-1ra did not alter its IL-1-inhibitory activity, confirming that *S. gordonii*is a feasible system for producing biologically active human proteins. The preliminary evidence of the activity of RVFP/IL-1ra delivered *in vivo*by *S. gordonii*was obtained in the murine model of IBD in IL-2^-/-^mice. The IBD pathology was chosen because a significant alteration of the IL-1β/IL-1ra homeostatic equilibrium towards inflammation is present in IBD \[[@B21],[@B23]\]. Few weeks after birth, IL-2^-/-^mice spontaneously develop IBD-like symptoms, including diarrhoea, intestinal bleeding, frequent rectal prolapse, and also weight loss \[[@B35]\]. In IL-2^-/-^mice colitis there are increased levels of IL-1 \[[@B37],[@B38]\], and treatment with IL-1ra reduces disease onset and progression \[[@B37]\]. By carefully monitoring body weight fluctuations as an index of IBD progression, a significant weight gain was observed in animals inoculated with the RVFP/IL-1ra-producing *S. gordonii*GP1294 strain as compared to control animals. The beneficial effects of recombinant bacteria was observed for the whole period of treatment. The present results thus suggest that mucosal delivery of anti-inflammatory IL-1ra produced by recombinant *S. gordonii*can reduce disease severity in the IL-2^-/-^IBD-like pathology, representing the \"proof-of-principle\" of the suitability of *S. gordonii*for mucosal delivery of therapeutic proteins. This finding is in agreement with a recent report describing effective reduction and prevention of ulcerative colitis like symptoms in two different animal models of IBD by using genetically engineered *Lactococcus lactis*producing anti-inflammatory murine IL-10 \[[@B45]\]. In our case, to prove the actual therapeutic effectiveness of IL-1ra produced by *S. gordonii*, a more extensive study with a detailed analysis of inflammatory parameters in this and other animal models would be required.

*S. gordonii*can colonise the oral and vaginal mucosa of mice for up to eight weeks \[[@B27]\]. Although the bacterium persists in the murine intestinal mucosa for few weeks \[[@B28]\], it does not efficiently colonise the murine gut. This could explain why, differently from the long-lasting colonisation in the vagina, the beneficial effects of intragastrically delivered IL-1ra-producing *S. gordonii*on IBD progression were limited to the period of treatment. However, this fact may still be of great advantage in terms of future therapeutic applications, as it allows a thorough control of timing and dosage of drug delivery.

In conclusion, the drug delivery system here described is suitable for further developments for human use. However, in this case, additional modifications would be needed to avoid the escape of a genetically modified micro-organism into the external environment through faecal excretion. This containment could be achieved for instance by making the micro-organism auxotrofic for an essential molecule not available in the environment, as recently described by Steidler *et al.*\[[@B50]\].

Conclusions
===========

The possibility of limiting and controlling the delivery of a cytokine inhibitor of high and selective activity such as IL-1ra may offer enormous advantages in terms of efficacy and safety in the treatment of certain inflammatory disorders, where the pathogenic role of IL-1 is demonstrated. In the present work, we propose the use of *S. gordonii*to deliver IL-1ra in a biologically active form to affected mucosal surfaces. The system is safe, since *S. gordonii*is a commensal micro-organism of the human oral cavity, and it can be easily controlled in terms of quantity of drug produced and duration of treatment. Moreover, by using the recently developed co-expression system \[[@B51]\], it is also feasible to construct a drug delivery system simultaneously producing IL-1ra together with other anti-inflammatory cytokines (*e.g.*IL-4, IL-10), neutralising antibodies, or soluble receptors. In conclusion, *S. gordonii*could represent a novel, cost-effective therapeutic approach, in alternative to gene therapy, for the selective delivery of drugs to diseased mucosal sites.

Methods
=======

*S. gordonii*strains
--------------------

Strain GP1221 \[[@B31]\] was the recipient for transformation experiments and the control in Western blotting and thymocyte proliferation assays. Strain GP204 \[[@B33]\] was used as a control in animal experiments. *S. gordonii*GP1300 and GP1294 secrete human IL-1ra into the culture medium. Strains were grown in Tryptic Soy Broth (TSB; Difco, Detroit, MI) at 37°C with 5% CO~2~. Antibiotics were added at the following concentrations: erythromycin at 1 μg/ml, kanamycin and streptomycin at 500 μg/ml.

Construction of *S. gordonii*strains producing human IL-1ra
-----------------------------------------------------------

An *S. gordonii*strain secreting human IL-1ra into the culture medium was constructed using the previously described host-vector system \[[@B31]\]. The cDNA encoding the mature human IL-1ra (accession no. M63099) was PCR-amplified using primers IL-1ra-Forward (5\'-GGC[TCTAGA]{.ul}CCATCTGGTCGTAAGTCT-3\', the *Xba*I restriction site is underlined) and IL-1ra-Reverse (5\'-CAT[GAATTC]{.ul}CATGGTACCAGCTGCAGA-3\', the *Eco*RI site is underlined), and cloned in-frame into the *emm*6 gene of plasmid pSMB55 \[[@B31]\] digested with *Avr*II and *Eco*RI. The new plasmid was named pSMB55/IL-1ra. In order to achieve protein translocation across the cell wall, the sequence encoding the first four amino acids (RVFP) of the M6 protein was added at the 5\'-end of the IL-1ra coding sequence, whereas the presence of two transcriptional stop codons at the 3\'-end of IL-1ra allowed secretion of the protein. As recombinant IL-1ra produced by *S. gordonii*is preceded by the RVFP residues, it will be referred to as RVFP/IL-1ra. Competent cells of *S. gordonii*GP1221 were transformed with plasmid pSMB55/IL-1ra to obtain the erythromycin-resistant strain GP1300. In order to construct an erythromycin- and streptomycin-resistant strain for animal experiments, GP1300 was transformed with the chromosomal DNA of *S. gordonii*GP204 \[[@B33]\], and the new strain was denominated GP1294. Procedures for *S. gordonii*transformation, screening and genetic analysis of transformants were as previously described \[[@B33]\].

Determination of IL-1ra production by recombinant *S. gordonii*
---------------------------------------------------------------

To verify that *S. gordonii*GP1300 released IL-1ra into the culture medium, strains GP1300 and GP1221 were grown in TSB to early stationary phase. Culture supernatant samples were precipitated with 5% TCA and subjected to 15% sodium dodecyl sulfate-polyacrylamide gel elecrophoresis (SDS-PAGE). After transferring onto nitrocellulose filters (Protran; Schleicher and Schuell, Dassel, Germany), immunoblotting was performed using a 1:100,000 dilution of rabbit polyclonal antibodies raised against human IL-1ra expressed and purified from *E. coli*(see below). Quantitative assessment of IL-1ra in the culture supernatant of *S. gordonii*GP1300 was performed by ELISA using the IL-1ra Biotrak ELISA kit (Amersham Biosciences, Little Chalfont, UK) in accordance to the manufacturer\'s instructions.

Expression and purification of human IL-1β, IL-1ra, and RVFP/IL-1ra in *E. coli*
--------------------------------------------------------------------------------

Human IL-1β, IL-1ra, and the RVFP/IL-1ra construct were expressed and purified from *E. coli*. The cDNAs coding for the mature human IL-1β (GenBank accession number NM_000576), human IL-1ra, and RVFP/IL-1ra were cloned into the pRSET vector (Invitrogen, San Diego, CA), as previously described \[[@B52]\]. Expression of recombinant proteins was induced with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG; Inalco, Milano, Italy), according to the manufacturer\'s instructions. Cells were harvested, disrupted by sonication, and the soluble fraction was collected by centrifugation. Purification was performed by chromatography on S-Sepharose Fast Flow (Pharmacia, Uppsala, Sweden), or Mono S 5/5 column (Pharmacia), followed by filtration using Centriplus 100 (Amicon, Beverly, MA). Purity was always higher than 95%, as evaluated by SDS-PAGE and densitometric analysis. Concentration of proteins in 6 M Guanidine-HCl was determined by calculating the extinction coefficients using the PC/Gene Software (Oxford Molecular, Cambridge, UK). Purified proteins were tested for biological activity using the assay of IL-1β-induced D10.G4.1 proliferation \[[@B53]\]. Binding to IL-1 receptors was analysed using both EL4-6.1 (expressing the IL-1RI receptor) and dexamethasone-treated 1H7 cells (expressing the IL-1RII receptor) \[[@B54]\]. The IL-1β activity was approximately 2.5 × 10^8^IU (International Units; \[[@B55]\]) per mg of protein, and KD were 0.12 nM and 0.61 nM for IL-1RI and IL-1RII, respectively. Inhibitory activities of the IL-1ra preparations were approximately 1.0 × 10^6^AU/mg, where one AU is the amount of IL-1ra that inhibits 50% of IL-1β-induced proliferation in the thymocytes proliferation assay (see below).

Thymocyte proliferation assay
-----------------------------

Normal thymocytes (5 × 10^5^cells/well) from 4--8 week old C3H/HeJ mice (The Jackson Laboratory, Bar Harbor, ME) were incubated in microtitre plates (Cluster^96^, Costar, Cambridge, MA) in cell culture medium at 37°C with 5% CO~2~for 72 hours. Culture medium was RPMI 1640 medium (Invitrogen, Life Technologies Inc., Carlsbad, CA), supplemented with 50 μg/ml of gentamycin (Sigma), 2 mM L-glutamine, 1.25 × 10^5^M 2-mercaptoethanol, 25 mM HEPES buffer, and 5% heat-inactivated fetal bovine serum (Hyclone, Sterile Systems, Logan, UT). Cells were incubated with a suboptimal concentration of phytohemoagglutinin (PHA, 1.5 μg/ml; GlaxoSmithKline, Brentford, UK) together with an optimal concentration of recombinant human IL-1β (typically 0.3 ng/ml). Serial dilutions of either *S. gordonii*GP1300 culture supernatant (containing 0.1 mg/litre of RVFP/IL-1ra) or purified *E. coli*RVFP/IL-1ra were tested for their capacity to inhibit IL-1β-induced proliferation, as compared to a standard curve of human recombinant IL-1ra expressed in *E. coli*. The latter reagent was repeatedly titrated for its IL-1β inhibitor activity in the thymocyte proliferation assay, yielding an average specific activity of 1.0 × 10^6^AU/mg. The same standardised preparation of wild type human recombinant IL-1ra was used as a reference standard in each assay \[[@B56]\]. Supernatant of the control GP1221 strain was used as a negative control. After 72 hours of incubation, each well received 25 μl of culture medium containing 0.5 μCi ^3^H-thymidine (Amersham), and plates were incubated for 18 hours. Cells were harvested on glass fiber filters and incorporated radioactivity was measured with a β-counter (Betaplate, Wallac, Turku, Finland). IL-1β inhibitory activities of IL-1ra-containing samples were calculated from inhibition curves, expressed in AU per mg of protein, and compared to the reference wild type IL-1ra standard.

Murine vaginal colonisation
---------------------------

Six week-old female BALB/c mice (Charles River Italia, Monza, Italy) were used. The RVFP/IL-1ra-producing GP1294 and the GP204 control strains were grown in TSB to late exponential phase, washed once, and resuspended in fresh medium. Each animal received a single intravaginal inoculum of 10^8^CFU in a total volume of 20 μl. Vaginal samples were collected once per week for 8 weeks using absorbent cylindrical wicks (Porvair Filtronics Ltd., Shepperton, UK), and plated onto blood agar plates containing streptomycin. Bacterial colonies were tested for erythromycin resistance and expression of IL-1ra by Western blot using an anti-IL-1ra rabbit serum (1:100,000). Vaginal samples were also subjected to immunofluorescence using an IL-1ra antiserum as described before \[[@B57]\]. All procedures for inoculation, collection and processing of samples, and colonisation assays were as previously described \[[@B57]\].

Assessment of IL-1ra in the GI tract of mice
--------------------------------------------

Four weeks-old female IL-2 knock-out C57BL/6 mice (IL-2^-/-^), generated by gene targeting as previously described \[[@B58]\], were obtained by Jackson Laboratories (Bar Harbor, Maine, USA). Mice were inoculated intragastrically with the *S. gordonii*GP1294 strain (producing RVFP/IL-1ra). Details of bacterial preparation and administration to mice are below. In order to quantify production of RVFP/IL-1ra in the GI tract, three mice were sacrificed 3, 11, and 28 days after last bacterial inoculum. The stomach, small intestine, colon, and caecum were isolated, washed in cold phosphate-buffered saline pH 7.4 (PBS) and immediately homogenised in 2 ml of cold PBS. Homogenates were centrifuged (8800 × *g*,10 minutes, 4°C) and supernatants were stored at -20°C. Faeces and caecum were collected and treated as described \[[@B28]\]. Human IL-1ra was determined in GI tract samples by ELISA (R&D Systems, Minneapolis, MN, USA). Culture supernatants of *S. gordonii*GP1294 and GP204 were used as positive and negative controls, respectively. Net OD~450~readings are reported, as qualitative indication of IL-1ra presence in the tissues. Precise quantitative determination of IL-1ra in organ homogenates is hampered by the presence of receptors, natural antibodies, and/or other non-specific inhibitors. As reference, OD~450~readings for standard human recombinant IL-1ra are the following: 50 pg/ml, 0.018; 100 pg/ml, 0.030; 500 pg/ml, 0.236; 1000 pg/ml, 0.575.

Treatment of IL-2^-/-^mice with recombinant *S. gordonii*
---------------------------------------------------------

The *S. gordonii*strains GP1294 (producing RVFP/IL-1ra) and GP204 (control) were grown in TSB to the beginning of stationary phase, washed once with PBS, and resuspended in PBS containing 3% skimmed milk to a final concentration of approximately 5 × 10^10^CFU/ml. Two groups of 6 mice each were inoculated intragastrically twice per week for 7 consecutive weeks (week 4 to 10) with 200 μl of the bacterial suspension (approximately 10^10^CFU/mouse) of either strain GP1294 or GP204. One untreated mouse served as a control to follow the course of disease progression. Mice were weighted twice per week for 15 weeks.

Statistical analysis
--------------------

Differences in body weights between IL-2^-/-^mice receiving *S. gordonii*GP1294 and GP204 were analysed by using the unpaired Student\'s *t*test. Statistical significance was set at *P*\< 0.05.
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